O ver the last 3 decades, a growing body of work has demonstrated a relationship between volume and outcome for a variety of complex surgical procedures and medical conditions. Two large-scale reviews have systemically evaluated the methodology and results of many of these studies across a broad range of conditions. 1, 2 In 2000, Dudley et al 1 found that, among 128 studies examining 40 different procedures or conditions, 80% reported a statistically significant relationship between higher institutional case volume and better clinical outcomes; none of the published studies reported an association between higher volume and worse outcomes. In 2002, Halm et al 2 evaluated 135 studies for 27 procedures or conditions, many of which were included in the previous review; a preliminary version of this report served as the focus of an Institute of Medicine workshop examining the volume-outcome relationship in the context of healthcare quality. 3 The authors concluded that 70% of comparisons examining either institutional or physician case volume noted a statistically significant relationship between higher volume and better outcomes. Once again, none of the reports found the opposite to be true.
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Pediatric cardiac surgery is the only surgical procedure performed in children for which a volume-outcome relationship has been documented. In 4 large studies conducted in the United States (2 studies 4,5 included in the review by Dudley et al, 1 3 studies 4 -6 in the Halm et al 2 review, and 1 study 7 published subsequent to these reviews), larger annual surgical case volumes were associated with substantial reductions in in-hospital mortality. These results were quite consistent despite the fact that the studies used different data sources, different patient selection, different risk adjustment methods, and different definitions of volume. Jenkins et al 4 (1990 -1995) and found a statistically significant effect of volume (OR, 0.944 for every 100 additional cases); it was noted that this relationship was most pronounced for neonates (age Ͻ31 days; OR, 0.636 for every 100 additional cases) and patients 31 days to 1 year of age (OR, 0.720). Chang and Klitzner 7 used hospital discharge data from California (1995-1997) and identified mean annual volume cut points of 70 and 170 cases per year. Surgical cases were stratified as low or high risk on the basis of principal procedure code. For low-risk cases, the odds of in-hospital mortality were higher for medium-volume institutions (70 to 169 cases) than for high-volume institutions (Ն170 cases; OR, 1.54); the odds also were higher for small-volume centers (10 to 69 cases; OR, 1.24), but this difference did not achieve statistical significance. For highrisk cases, the odds were higher for both medium-volume (OR, 2.54) and small-volume (OR, 2.67) centers relative to large-volume institutions.
In this issue of Circulation, the study by Bazzani and Marcin 8 reevaluates the volume-outcome relationship for pediatric cardiac surgery using a larger, more contemporary hospital discharge database (1998 -2003) from the state of California. This database contains patient discharge information from all hospitals in the state, excluding certain federal and Shriners hospitals. The authors began by carefully replicating the work of each of the 4 previously published reports; they then analyzed the relationship between volume and mortality using a newly developed risk adjustment model incorporating elements from each of the previous studies.
Replicating the study by Jenkins et al, 4 Bazzani and Marcin again found higher risk-adjusted odds of in-hospital death for centers performing Յ300 cases per year relative to those performing Ͼ300 cases (OR, 3.04, Ͻ10 cases; OR, 1.61, 10 to 100 cases; OR, 1.45, 101 to 300 cases), although the ORs were lower than in the original study and the difference between the very smallest and largest centers did not achieve statistical significance. Reproducing the work by Hannan et al, 5 they found that risk-adjusted mortality rates were similar for hospitals performing Ͻ100 cases per year relative to those performing Ն100 cases (3.87% versus 3.56%). Replicating the study of Sollano et al, 6 they found that volume was no longer significantly associated with mortality in the population overall (OR, 0.99 for every 100 additional cases); however, there was a modest but statistically significant effect among neonates (OR, 0.97 for every 100 additional cases). Reproducing the work by Chang and Klitzner, 7 they showed that the odds of in-hospital mortality were higher for low-volume institutions relative to high-volume centers for both low-risk (OR, 1.52) and high-risk (OR, 1.84) cases; medium-volume centers did not differ significantly from large ones.
After replicating the 4 original studies, Bazzani and Marcin incorporated features of each of the 4 models into a new predictive model for in-hospital mortality. All patient-level variables identified as potentially important by any of the previous authors were considered for inclusion. Annual surgical volume was treated as a continuous variable, and individual institutions were allowed to vary in volume from year to year. Annual volume also was dichotomized at 75 cases per year because California Children's Services' guidelines recommend that centers perform a minimum of 75 pediatric congenital open heart surgeries per year. In this new model, the authors found that increasing case volume again was associated with lower mortality (OR, 0.86 for every 100 additional cases; 95% CI, 0.81 to 0.92). In addition, hospitals performing Ն75 cases per year had a lower odds of mortality than hospitals performing Ͻ75 cases annually (OR, 0.75; 95% CI, 0.55 to 1.02), although this difference did not quite achieve statistical significance at the 0.05 level. Discrimination of the model was adequate, and calibration was good. When examining model diagnostics, however, the authors observed that data points with the highest annual case volumes also had the highest leverage, meaning that they had the strongest influence on the model results. When the single largest hospital was removed-the only institution in the data set with an annual surgical volume Ͼ400 cases-there was a decrease in both magnitude and statistical significance of the volume-outcome relationship (OR, 0.93 for every 100 additional cases; 95% CI, 0.82 to 1.05). The OR for centers performing Ն75 versus Ͻ75 cases per year also decreased (OR, 0.84; 95% CI, 0.62 to 1.16).
Bazzani and Marcin conclude that, although a volumeoutcome relationship may still exist for pediatric cardiac surgery, it is neither as strong nor as consistent as had been observed in previous work. Other studies investigating selected adult cardiac surgeries have found that differences in outcomes between high-and low-volume centers have diminished over time. 10 -12 The authors speculate that a possible explanation for this result is that low-volume hospitals already avoid high-risk surgical procedures that they are not equipped to perform. Other explanations might include general advances in treatments and technology that were adopted at higher-volume centers sooner than lower-volume centers 12 and the positive effects of quality improvement initiatives. 10 Although it may indeed be true that the overall volumeoutcome relationship in pediatric cardiac surgery is changing with time, other possibilities must be considered. First, we must consider the effect of decreasing in-hospital mortality on the magnitude of a potential volume-outcome relationship. As the overall risk of an outcome decreases, the OR comparing risk of the outcome between 2 groups will tend to decrease even if the incremental difference in risk between the groups remains the same. (This point can be illustrated by a simple example. If the mortality rate is 10% among high-volume hospitals and is 90% higher, or 19%, among low-volume hospitals, then the unadjusted OR for mortality is 2.11 for low versus high volume. Alternatively, if the mortality rate is 5% among high-volume hospitals and is again 90% higher, or 9.5%, among low-volume hospitals, the OR would be 1.99 for low versus high volume.) In the present study, the in-hospital mortality rate for the entire data set is 3.6%, which is considerably lower than the mortality rates in the 4 original studies; as a result, we would expect some reduction in the magnitude of the observed volume-outcome relationship simply because survival has improved. An overall decrease in the proportion of patients who die also would reduce the power of a study to identify statistically significant results.
Second, although the authors present valid reasons for treating volume as a continuous variable and for evaluating only 1 potential cut point, the dichotomization at 75 cases per year recommended by the California Children's Services' guidelines, it is still possible that the relationship between volume and mortality, or rather between volume and the logarithm of the odds of mortality, is not linear as assumed by their model. For example, outcomes might be different for institutions in the "tails" of the volume distribution, those centers with only the very lowest or the very highest case volumes. Although it is not explicitly discussed, the data presented in the present report suggest that the lowest-volume centers might still have substantially higher risk than highvolume centers. In the replication of the study by Jenkins et al, 4 the odds of in-hospital mortality among institutions performing Ͻ10 cases was 3.04 times higher than the odds for centers performing Ͼ300 cases annually. In addition, in the reproduction of the work by Chang and Klitzner, 7 the lowest-volume centers (10 to 69 cases per year) had significantly higher risk-adjusted mortality than the highest-volume centers for both low-and high-risk patients. Furthermore, there was only a single institution with an annual volume Ͼ400 cases in the data set analyzed; it is possible that the threshold at which risk-adjusted mortality is considerably lower lies near or above this cut point. This cannot be addressed by the use of data from California only; a more nationally representative database is needed. The fact that the replication of the Jenkins et al 4 study, which set the cut point for high-volume centers at 300 cases per year, continues to find a statistically significant difference between high-and medium-volume institutions lends credence to this possibility.
Whether a volume-outcome relationship exists or not, most studies of pediatric cardiac surgery and other complex surgical procedures have noted that the trend for lower risk of death at larger institutions is not universal; wide variation has been observed. 2, [13] [14] [15] Some large institutions have higherthan-expected mortality rates, and many small institutions have lower-than-expected rates. This suggests that high surgical case volume may be a surrogate or proxy for aspects of care that are more likely to be provided at larger centers but are not necessarily exclusive to these centers. In this case, institution-specific risk-adjusted outcomes would be more informative than any simple volume threshold.
In summary, the study by Bazzani and Marcin raises the very interesting possibility that the volume-outcome relationship for pediatric cardiac surgical procedures has diminished over time. Additional investigation is needed to determine whether this finding holds up in other databases. The authors wisely encourage caution in interpreting volume-outcome relationships and recommend that future volume-outcome studies make use of statistical diagnostics to further explore any apparent association or lack of association.
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